We crossed transgenic mice overexpressing the N-ras proto-oncogene (RasTg) with mice carrying one inactivated copy of the NF1 tumor suppressor gene (NF1+/ 7) to assess their possible cooperation in tumorigenesis. We have found a signi®cant increase in the incidence of lymphomas in animals with both lesions (RasTg NF1+/ 7), as compared with animals with single lesions. The mechanism of this cooperation appears to be independent of the NF1 GTPase activating activity since the level of Ras-GTP in primary cultures of tumor tissue do not dier among animals with double and with single lesions. Nevertheless, the ®nding of signi®cantly higher levels of Erk-1 and Erk-2 activation in lymphomas in the RasTg NF1+/7 than in the RasTg group suggests that this cooperative eect may be in part explained by increased signaling through the Erk pathways. Consistent with a role for Erk activation in transformation is the additional observation that Erk-1 and Erk-2 activation is signi®-cantly increased in lymphomas as compared with normal spleen. This activation is likely to occur by phosphorylation of previously synthesized and inactive Erk proteins since, despite dierences in activation, Erk-1 and Erk-2 expression is similar in normal and lymphoid tissue in all groups. The observed cooperation in in vivo lymphomagenesis between N-ras overexpression and NF1 inactivation emphasizes the importance of searching for additional functions for the NF1 protein and of intensifying the screening for NF1 mutations in human lymphomas.
Introduction
Activating mutations in oncogenes and inactivating mutations in tumor suppressor genes play a role in tumor development (Bishop, 1991) . The generation of transgenic mice expressing activated oncogenes and carrying inactivated tumor suppressor genes makes it possible to assess whether a given oncogene cooperates with a particular tumor suppressor gene in tumorigenesis and to ask if this process is associated with deregulation of speci®c biochemical pathways. We tested this paradigm for the N-Ras proto-oncogene, the NF1 tumor suppressor gene and the Erk signaling pathway.
Approximately 30% of human tumors carry activated ras oncogenes (Bos, 1989) ; N-ras being mostly associated with hematopoietic malignancies (Rodenhuis, 1992) . Mutations that inactivate the NF1 gene have been found in a variety of sporadic (Li et al., 1992; Andersen et al., 1993; Johnson et al., 1993) and neuro®bromatosis associated tumors (Legius et al., 1993; Stiller et al., 1994; Shen et al., 1996) , including neuro®brosarcoma, pheochromocytoma, astrocytoma, neuroblastoma, melanoma, colon carcinoma, chronic myeloid leukemia, acute lymphoblastic leukemia and non-Hodgkin lymphoma. In addition to being mutated in tumors, Ras and NF1 are able to interact and function in the same proliferative pathway, suggesting a possible cooperating eect for the deregulation of these two proteins in tumorigenesis. Consistent with this hypothesis is the observation that NF1 is able to downregulate ras in vitro (Martin et al., 1990; Xu et al., 1990) and to inhibit ras-dependent proliferative and transforming eects in tissue culture by mechanisms dependent (Basu et al., 1992; DeClue et al., 1992; Bollag et al., 1996; Largaespada et al., 1996) and independent Johnson et al., 1993) of the Ras GTPase accelerating activity of NF1.
We have evaluated if there is a cooperative eect between N-Ras and NF1 in in vivo tumorigenesis by crossing transgenics overexpressing N-Ras wild type protein and mice which are heterozygous knockout for NF1. These transgenic lines were previously generated; one carrying the N-ras proto-oncogene under the mouse mammary tumor virus promoter (previously referred to as MMTV/N-ras N and here described with the shorter acronym: RasTg) predisposes to lymphoid and mammary tumors (Mangues et al., 1992 (Mangues et al., , 1994 (Mangues et al., , 1996 and the other (referred to as NF1+/7) predisposes mainly to lymphoma, pheochromocytoma and lung adenocarcinomas (Jacks et al., 1994) . We have found an increased incidence of lymphomas in animals with both N-Ras and NF1 lesions, as compared with animals with single lesions.
To determine the biochemical basis of this cooperation, we studied the level of activation of the Erk pathway in tumor tissue since Erk is one of the main pathways downstream of Ras for cell proliferation and transformation (Marshall, 1995) . In addition, we analysed the level of Ras-GTP in tumor tissue to study the dependence of this cooperative eect on the Ras-GTPase accelerating activity of NF1. The evaluation of this mechanism was possible because we used transgenics which overexpress a wild type ras, rather than a ras oncogene, since only the wild type protein can be downregulated by NF1 (Bollag and McCormick, 1991; Xu et al., 1990; Martin et al., 1990) .
We have found increased activity through the Erk-1 and Erk-2 pathways in tumor tissue from animals with both N-Ras and NF1 lesions, as compared with animals with single lesions. These results are consistent with a stimulatory role for N-Ras and an inhibitory role for NF1 in lymphoid proliferative pathways, and with the mediation of the Erk signaling pathway in this eect. In addition, the tumor suppressor role of NF1 in our model appears to be independent of its RasGTPase accelerating activity. These results emphasize the importance of searching for additional mechanisms to explain NF1 function in signal transduction and of screening for NF1 mutations in human lymphomas.
Results
We compared tumor incidence and latency, and molecularly analysed tumor tissues in transgenic animals with four dierent genotypes: (1) RasTg NF1+/7 group: 60 mice carrying N-ras and NF1 lesions. They overexpress the MMTV/N-ras N transgene (N-ras proto-oncogene under the control of the MMTV-LTR promoter) (described in Mangues et al., 1992; and are heterozygous knockout for the NF1 (described in Jacks et al., 1994) . (2) RasTg group: 45 mice which overexpress the MMTV/N-ras N transgene and are wild type for NF1. (3) NF1+/7 group: 51 mice which are heterozygous knockout for the NF1 gene and are wild type for the N-ras gene; (4) Wild type group: 30 animals wild type for Ras and NF1 genes, thus, carrying none of the two lesions.
Animals were assigned to the four dierent groups, after determining the various genotypes among littermates generated from crosses between the RasTg and NF1+/7 lines, to match their genetic background.
Tumor incidence and latency
The curves for lymphoma and mammary tumor incidence of the four studied genotypes are depicted in Figure 1 . Lymphomas appeared in mice with RasTg NF1+/7, RasTg and NF1+/7 genotypes. Lymphoma incidence was higher and the latency of lymphoma appearance shorter in the RasTg NF1+/7 group than in the RasTg or NF1+/7 groups ( Figure 1a ). Tumors in all three groups were classi®ed as large cleaved cell lymphomas and were histologically similar to those previously reported for MMTV/N-ras N animals (Mangues et al., 1996) (the shorter RasTg acronym is here used to refer to animals with a genotype identical to the MMTV/N-ras N animals). Only animals carrying the Ras transgene developed mammary tumors (RasTg NF1+/ 7 or RasTg groups); animals in the NF1+/7 group did not develop mammary tumors (Figure 1b) . These tumors were moderately to poorly dierentiated carcinomas, as previously reported for MMTV/N-ras N animals (Mangues et al., 1996) . Animals carrying none of the two genetic lesions (Wild Type group) did not develop lymphomas or mammary gland tumors during the observation period (20 months of age) (Figure 1a and b).
The total tumor incidence and their mean latency of appearance for each genotype is shown in Table 1 . RasTg NF1+/7 animals had the highest lymphoma incidence (48.3%) and the shortest latency of lymphoma appearance (9.5+2.0 months) of all groups (Table 1) . RasTg animals had a lymphoma incidence of Figure 1 Lymphoma and mammary tumor incidence according to genotype. The curves represent percent and cumulative incidence of lymphomas (a) and mammary tumors (b) as a function of time in animals with four dierent genotypes. The RasTg NF1+/7 group included 60 mice overexpressing the MMTV/N-ras N transgene which, in addition, were heterozygous knockout for the NF1. The RasTg group included 45 mice which overexpressed the MMTV/N-ras N transgene and were wild type for NF1. The NF1+/7 group included 51 mice which were heterozygous knockout for the NF1 gene and wild type for the Nras gene. And, the wild type group included 30 animals which were wild type for the Ras and NF1 genes. The RasTg NF1+/7 group showed higher incidence of lymphomas and of mammary carcinomas than the RasTg, NF1+/7 or wild type groups Table 1) . RasTg NF1+/7 animals had higher mammary tumor incidence (12.1%) and shorter latency of appearance (10.8+2.8 months) than animals in the RasTg group (6.7% incidence and 11.2+1.0 month of latency); however, this trend did not reach statistical signi®cance ( Table 1 ). The mammary tumor incidence in the RasTg NF1+/7 group was signi®cantly higher Figure 3 Analysis of N-Ras expression and activation in lymphomas and mammary tumors. (a) N-Ras protein expression in representative lymphomas from the RasTg NF1+/7, RasTg and NF1+/7 groups, and in representative mammary tumors from the RasTg NF1+/7 and RasTg groups. There is a high level of N-Ras expression in lymphomas or mammary tumors from animals carrying the ras transgene, and this level is similar in magnitude between the RasTg NF1+/7 and the Ras Tg groups. Note also the low N-Ras expression in lymphomas with no ras transgene (NF1+/7 group), which is similar in magnitude to the N-Ras level in normal spleen (NT06SP). (b) Analysis of Ras-GTP levels in representative lymphomas from the RasTg NF1+/7, RasTg and NF1+/7 groups, and in representative mammary tumors from the RasTg NF1+/7 and RasTg groups. Note the absence of dierences in Ras-GTP between groups in lymphomas or in mammary tumors. Primary cultures of tumor tissues were labeled with 32 P-orthophosphate, Ras was immunoprecipitated with Y13-259 Mab from protein extracts and the Ras-bound nucleotides extracted and separated by polyethyleneimine TLC. Radionalytic scanning was used to quantify GDP and GTP. 3T3 cells and H-ras oncogene-transformed 3T3 cells (3T3/H-ras) were run as controls for the assay and showed 10% and 35 ± 36% of Ras-GTP respectively Figure 2 Loss of heterozygosity for NF1 in lymphoid tumors. Southern blot analysis of six representative tumor DNA samples in mice with the RasTg NF1+/7 (9112SP, 9080SP, and 9109SP), RasTg (9087SP and 9051T) and NF1+/7 (9080SP) genotypes. Genomic DNA was digested with HindII and NcoI and hybridized with a fragment containing part of exon 31 of NF1 which yields 2.4 Kb bands corresponding to the wild type NF1 allele and 3.2 Kb bands of the mutant NF1 allele. The wild type allele is lost or under-represented in samples 9098SP and 9109SP (note the presence of the wild type allele in control DNA of normal tissues in the same animals (9098KD, and 9109KD) and non-tumor spleen of a wild type animal (NT-SP) than in the NF1+/7 (P50.05) or in the wild type (P50.05) groups, which did not develop mammary tumors.
Analysis of NF1 and N-Ras
To assess if NF1 was functioning as a classical tumor suppressor gene in our system, we analysed lymphomas and mammary carcinomas for loss of heterozygosity at the NF1 locus. One out of thirteen lymphomas analysed in the RasTg NF1+/7 group (9109SP) lost the NF1 wild type allele and one out of three lymphomas in the NF1+/7 (9098SP) lost also the NF1 wild type allele (Figure 2 ). All seven lymphomas analysed for NF1 LOH in the RasTg group appeared to retain the two NF1 wild type alleles. All three mammary tumors analysed in the RasTg group retained the two wild type alleles, and none of the six tumors analysed in the RasTg NF1+/7 group lost the wild type allele.
To evaluate the level of N-Ras activation in lymphoid and mammary tumors, we measured the levels of N-Ras protein expression and assessed the percentage of N-Ras bound to GTP. In lymphomas, N-Ras expression was higher in the RasTg NF1+/7 group (1794+792) and in the RasTg group (1632+761) (the two groups expressing the MMTV/ N-ras N transgene) than in the NF1+/7 group (199+32), which carried a wild type Ras. These dierences were statistically signi®cant (P=0.004, RasTg NF1+/7 vs NF1+/7 group; and P=0.02 RasTg vs NF1+/7) ( Table 2 ). The level of expression of N-Ras in lymphomas from the NF1+/7 group was similar to the endogenous N-Ras level in the corresponding normal tissue (113+17). No signi®cant dierences in N-Ras expression in lymphomas were detected between the RasTg NF1+/7 and the RasTg group ( Figure 3a , Table 2 ). The levels of N-Ras expression in mammary tumor tissue were signi®cantly higher than the endogenous N-Ras levels in normal mammary tissue. No statistically signi®cant dierences were seen in N-Ras expression in mammary tumors between the RasTg NF1+/7 (781+1047) and the RasTg (1006+608) groups ( Figure 3a , Table 2 ).
The levels of N-Ras-GTP could not be assessed directly because no speci®c antibody immunoprecipitates N-Ras eciently. Instead, we used the Y13-259 (anti-pan-Ras) antibody to assess the percentage of Ras-GTP (molar ratio of Ras bound GTP to Ras bound (GTP+GDP)) in primary cultures of lymphomas and mammary tumors ( Figure 3 , Table 2 ), and then evaluated how much of the global Ras-GTP was N-Ras-GTP in these samples. In lymphomas, the mean Ras-GTP levels were of 6.2+4.3% in the RasTg NF1+/7 group, 8.3+4.3% in the RasTg group and 6.8+1.2% in the NF1+/7 group (Table 2) . Ras-GTP levels in lymphoid tumors were not signi®cantly dierent among the three compared groups ( Table  2 ). The levels of Ras-GTP were also similar in tumor tissue in the two groups that developed mammary carcinomas ( Figure 3b ). The mean Ras-GTP levels for this tumor type in the RasTg NF1+/7 group (3.3+1.7%) and the RasTg group (2.4+1.5%) were not signi®cantly dierent (P40.05) ( Table 2) .
To estimate the amount of N-Ras-GTP in tumor samples, we evaluated the eciency of the immunoprecipitation with Y13-259 antibody for the N-Ras (Figure 4a ), H-Ras ( Figure 4b ) and K-Ras ( Figure 4c ) puri®ed proteins as well as the amount of N-Ras, HRas, and K-Ras proteins in Y13-259 immunoprecipitates of the tumor samples and relate these ®ndings to the data on global Ras-GTP. N-Ras is more eciently immunoprecipitated (20%) than H-Ras (7%), or KRas (9%) with this antibody (Figure 4 ). This was , or K-Ras (panel c) proteins and 25 mg of total protein extracts from tumor (shown are representative lymphoma and mammary tumor samples) were electrophoresed, blotted onto the same membrane and analysed by direct Western (W), or by Western after immunoprecipitation (IP/W). All immunoprecipitations were done using the anti-pan-Ras antibody (Y13-259), and the Western blots were performed using speci®c antibodies for each of the Ras proteins as described in Materials and methods. Comparing the band intensities after IP/W and W, we made three observations: (1) N-Ras is immunoprecipitated more eciently than H-or KRas with the Y13-259 antibody, (2) N-Ras is much more prevalent than H-or K-Ras in our tumors, since N-Ras is highly expressed whereas H-or K-Ras are not detected (direct Western), and (3) N-Ras is the most prevalent protein in the Y13-259 immunoprecipitates from tumor extracts (note than in the IP/W a strong N-Ras band is present, whereas H-and K-Ras are not detected) 
P=0.02 (Student t-test)
N-Ras and NF1 inactivation cooperate in lymphomagenesis R Mangues et al done using equal amount of puri®ed protein (200 ng) and comparing band intensity in direct Western (W) with band intensity in immunoprecipitation followed by Western (IP/W). Using the same IP and W protocols and being blotted onto the same membrane as the puri®ed proteins, we observed that, in tumor Figure 5 Erk-1 and Erk-2 expression and activation in normal spleen and lymphomas. (a) Western blot of protein extracts, using anti-Erk-1 (middle panel) and anti-Erk-2 (lower panel) antibodies, detected high expression of these two proteins in normal spleen of all genotypes: RasTg NF1+/7, RasTg, NF1+/7, and wild type (WT). This level of expression was similar to the level of Erk-1 and Erk-2 expression in lymphomas (9106SP and 9126SP). In contrast, the level of Erk-1 and Erk-2 activation, detected by Western blot with anti-active MAPK antibody (upper panel), whereas almost undetectable in normal spleen, was high in tumors (9106SP and 9126SP). (b) Western blot of protein extracts detected high Erk-1 (middle panel) and Erk-2 (lower panel) expression in lymphomas of the RasTg NF1+/7, RasTg and NF1+/7 genotypes, which was similar to level of Erk-1 and Erk-2 expression in normal spleen (SP1 and SP2). However, the level of both Erk-1 and Erk-2 activation (upper panel) was signi®cantly higher in tumor tissue than in normal spleen. In addition, the level of Erk-1 and Erk-2 activation in lymphomas was signi®cantly higher in the RasTg NF1+/7 group than in the RasTg or NF1+/7 groups. A 15% SDS ± PAGE electrophoresis was used to separate active doubly phosphorylated species from inactive species because of their dierent mobility. The mobility for each of the detected species is shown on the right side for each panel. Anti-active MAP Kinase antibody detects, both, active Erk-1 and active Erk-2 species. AntiErk-1 antibody detects active and inactive Erk-1 species, although the main band corresponds to inactive Erk-1 since it is considerably more abundant than the active Erk-1 band (this antibody has some level of cross reactivity with Erk-2). Anti-Erk-2 antibody detects mostly the inactive Erk-2 species (active Erk-2 is also detected but it is less abundant than inactive Erk-2). Sheepanti-rabbit IgG-POD was used as secondary antibody, and a chemiluminescent method was used for autoradiographic detection (see Materials and methods section) samples, N-Ras is overexpressed and is the main protein in the immunoprecipitates, the amount of HRas or K-Ras being negligible (Figure 4) . Therefore, the active Ras protein (Ras-GTP as assessed in the GTP loading assays) in tumor samples is mostly NRas-GTP.
Analysis of Erk expression and activation
We analysed the level of expression and activation of the MAP kinase pathway in normal spleen and mammary gland at 10 months of age as well as in lymphomas and mammary tumors in animals from all four dierent studied genotypes. In normal spleen (Figure 5a ), the levels of expression and activation of Erk-1 or Erk-2 did not dier among the four compared genotypes. Erk-1 and Erk-2 were highly expressed in normal splenic tissue from all groups; however, the levels of Erk-1 or Erk-2 activation in normal spleen were negligible (Figure 5a ). Erk-1 and Erk-2 activation in lymphomas of the RasTg NF1+/7, RasTg, and NF1+/7 genotypes were greatly increased when compared with Erk-1 and Erk-2 activation in normal spleen in any of the four studied groups (Table 3) , despite the ®nding of a similar level of expression for these two proteins in normal spleen and lymphomas in all four studied groups ( Figure 5 ). In lymphomas, Erk-1 activation was higher in the RasTg NF1+/7 group (889+197) than in the RasTg (694+151) or in the NF1+/7 (807+211) groups ( Figure 5b , Table 3 ). The dierences in Erk-1 activation between the RasTg NF1+/7 and the RasTg groups were statistically signi®cant (P50.05) ( Table 3) . Erk-2 activation was also higher in lymphomas in the RasTg NF1+/7 group (1003+ 305) than in the RasTg (625+112) or in the NF1+/7 (675+225) groups (Figure 5b , Table 3 ). The dierences in Erk-2 activation between the RasTg NF1+/7 and the RasTg groups were also signi®cant (P50.01) ( Table 3 ). The ratio between Erk-1 and Erk-2 activities in lymphoma tissue, for each analysed sample, was close to one (the average ratios were 0.9 in the NF1+/7 group, 0.9 in the RasTg NF1+/7 group, and 1.1 in the RasTg group) (Figure 5b ).
In normal mammary gland (Figure 6a ), the levels of expression and activation of Erk-1 or Erk-2 did not dier among the four studied genotypes. Erk-1 and Erk-2 were highly expressed and highly activated in normal mammary tissue of all genotypes, including the wild type animals (this is in contrast with the observations in normal splenic tissue in which activation of Erk-1 and Erk-2 were negligible (compare upper panels of Figures 5a and 6a) ).
Mammary tumors had higher levels of activation of Erk-1 and/or Erk-2 than normal mammary gland, despite showing similar levels of expression of these two proteins (Figure 6b ). Mammary tumors in the RasTg group had higher activation of Erk-1, and similar activation of Erk-2, than in normal mammary tissues. In addition, mammary tumors which developed in the RasTg NF1+/7 group had higher activation of both Erk-1 and Erk-2 than normal mammary gland. Erk-2 activation was higher, in mammary tumors, in the RasTg NF1+/7 group than in the RasTg group (Figure 6b ), whereas Erk-1 activation was similar in both groups (Figure 6b ). In normal mammary tissue, the average ratio between Erk-1 and Erk-2 activation was in the 0.9 ± 1.1 range (Figure 6a , upper panel); in contrast, the average ratio for Erk-1 to Erk-2 activation in mammary tumors was 1.7 in the RasTg NF1+/7 group and 2.6 in the RasTg group ( Figure  6b , upper panel).
Discussion

Cooperation of N-ras overexpression and NF1 inactivation in tumorigenesis
We have demonstrated a cooperation between N-ras proto-oncogene overexpression and NF1 inactivation in lymphomagenesis in our model. The combined eect of the two lesions appears to be synergistic in lymphoma development since the incidence of this tumor type in the RasTg NF1+/7 group (48.3%) is signi®cantly higher than the added incidence in the groups of mice with single lesions (22.2+5.9=28.1%, see Table 1 ). The shorter latencies of lymphoma appearance in the animals with the double lesion compared to RasTg mice also support this cooperative eect, although these dierences did not reach statistical signi®cance (Table 1 ). The RasTg group reproduced the lymphoma incidence and latency previously described for this genotype (Mangues et al., 1996) and the NF1+/7 group reproduced the lymphoma incidence previously described by the 20th month of age (Jacks et al., 1994) . The absence of lymphomas in the wild type group indicates that lymphomagenesis in animals with the RasTg NF1+/7, RasTg and NF1+/7 genotypes is associated with the presence of these genetic lesions.
Our results also suggest a cooperating eect of the N-ras proto-oncogene overexpression and NF1 inactivation in mammary tumorigenesis, since the RasTg NF1+/7 group showed higher incidence and shorter latency of appearance of mammary tumors than the RasTg group. Only the tumorigenic phenotypes associated with the RasTg NF1+/7 and RasTg genotypes could be meaningfully compared in this tissue, since the NF1+/7 group did not develop mammary tumors. The lack of statistical signi®cance among these observed dierences is probably due to the lower incidence of mammary tumors, as compared with lymphoid tumors, in these animals (only three mice developed mammary tumors in the RasTg group).
All three groups that develop lymphomas, RasTg NF1+/7, RasTg and NF1+/7, showed a similar histology for this tumor type: cleaved cell lymphomas.
In addition, the mammary tumors which developed in the RasTg NF1+/7 or RasTg groups were histologically similar: moderately to poorly dierentiated carcinomas. The higher incidence and shorter latency of tumor appearance in the animals with the two lesions and the lack of dierences in tumor histology between the RasTg NF1+/7 mice and the animals Figure 6 Erk-1 and Erk-2 expression and activation in normal mammary gland and mammary tumors. (a) Western blot of protein extracts using anti-Erk-1 and anti-Erk-2 antibodies detected high expression of these two proteins in normal mammary gland of all genotypes: RasTg NF1+/7, RasTg, NF1+/7 and wild type (WT). This level of expression was similar to the level of Erk-1 (middle panel) and Erk-2 (lower panel) expression in mammary tumors (9204MGT). However, the level of Erk-1 and Erk-2 activation, detected by Western blot with anti-active MAPK antibody (upper panel), was of a lower magnitude in normal mammary gland than in mammary tumors (9204MGT). (b) Western blot of protein extracts detected high protein expression in mammary tumors of the RasTg NF1+/7 and RasTg groups, which was simliar to the Erk-1 (middle panel) and Erk-2 (lower panel) expression in normal mammary gland (MG1 and MG2). In contrast, the level of Erk-1 and Erk-2 activation (upper panel) was higher in mammary tumors than in normal mammary gland, more so for Erk-2 activation than for Erk-1 activation. In addition, the level of Erk-2 activation in mammary tumors was signi®cantly higher in the RasTg NF1+/7 than in the RasTg group. The methods used were identical to these described in Figure 5 with single lesions suggests that the cooperative eect in tumor development could be accomplished, not by a qualitative change in the proliferative signaling pathways, but by an increase of the intensity of their signaling through similar pathways.
The cooperative eect is independent of the Ras-GTPase accelerating activity of NF1
There are two lines of evidence supporting a tumor suppressor role for NF1 in this system: (1) Some of the lymphomas that developed in the RasTg NF1+/7 and the NF1+/7 groups had lost the NF1 wild type allele, con®rming the previously reported ®ndings of LOH in NF1 in lymphomas with the NF1+/7 genotype (Jacks et al., 1994) , and (2) NF1 inactivation (which was previously associated with a reduction to half the level of NF1 protein expression and with lymphomagenesis in mice heterozygous knockout for NF1 (Jacks et al., 1994) ) cooperates with N-Ras overexpression in lymphomagenesis in our model. Therefore, the association between NF1 loss of function, through reduced expression, or complete inactivation when the wild type allele is lost, and tumorigenesis supports a tumor suppressor role for NF1.
Since NF1 shows Ras-GTPase accelerating activity, we wanted to know whether or not this mechanism could explain the cooperative eect that we observed in tumorigenesis. To that purpose, we assessed the amount of N-Ras-GTP in tumor samples. Since there are no antibodies that immunoprecipitate N-Ras speci®cally and eciently, we used an anti-pan-Ras antibody to immunoprecipitate. We have observed that in tumor samples, which in this system overexpress the N-Ras protein, N-Ras is the main immunoprecipitated protein, whereas H-and K-Ras are barely represented (see Figure 4) . Therefore, the GTP-Ras detected in the GTP-loading in these tumors (assessed after immunoprecipitating with Y13-259) is mostly N-Ras-GTP.
The lack of dierences in Ras-GTP (that is in N-Ras-GTP) levels among lymphomas in animals with the RasTg NF1+/7, RasTg and NF1+/7 genotypes and among mammary tumors in animals with the RasTg NF1+/7 and RasTg genotypes (and the observation of the expected dierences in the control cells: 10% of Ras-GTP in 3T3 cells and 35 ± 36% of Ras-GTP in H-ras oncogene transformed 3T3 cells) (Figure 3b ) indicate that the cooperation between N-Ras overexpression and NF1 inactivation in tumorigenesis is independent of the NF1 GTPase activating activity of NF1. The similar level of N-Ras-GTP and the lack of observed dierences in N-Ras protein expression between the groups carrying the Ras transgene (RasTg NF1+/7 and RasTg groups) in lymphoma and in mammary tumors (Figure 3a) indicate a similar level of activation of the N-Ras protein (similar level of N-Ras molecules bound to GTP) in tumor tissue. Therefore, this cooperative eect must be explained by a mechanism which is independent of NRas regulation, that is, occurring downstream of N-Ras.
Increased Erk kinase activity may contribute to the cooperative eect
We analysed expression and/or activation of the Erk proteins in tumors and corresponding normal tissue because they are involved in one of the main pathways through which the Ras proteins induce proliferation and transformation (Marshall, 1995) . The signi®cantly higher levels of Erk-1 and Erk-2 activation in lymphomas in the RasTg NF1+/7 than in the RasTg group suggest that the cooperative eect between NF1 inactivation and N-Ras overexpression may be in part explained by increased signaling through the Erk-1 and Erk-2 proliferative pathways. Consistent with a role for Erk-1 and Erk-2 activation in transformation in this model is the observation that lymphoid and mammary tumor development is accompanied by a signi®cant increase in Erk-1 and Erk-2 activation. In normal tissue, the presence of the RasTg or the inactivation of the NF1 gene does not increase the activation of the Erk pathways, since the level of Erk-1 or Erk-2 activities is similar to those observed in wild type animals. Only when tumors appear, there is a signi®cant increase in Erk activity; therefore, an additional lesion(s) should occur which contributes to the increase in activation of the Erk pathway. This additional event could be a signi®cant increase in Ras overexpression, as we have previously observed in animals with the RasTg genotype (Mangues et al., 1995) or, alternatively, may target proteins other than Ras and upstream of the Erk pathways which lead to Erk activation. Since this increase in Erk-1 and Erk-2 activation in tumor tissue, as compared with normal tissue, occurs without change in Erk-1 or Erk-2 expression, this eect must occur by phosphorylation of previously synthesized and inactive Erk proteins. These results support a role for the Erk-1 and Erk-2 pathways in transmitting the proliferative signals generated by NRas and NF1 and contribute to explain their cooperation in lymphomagenesis, and perhaps in mammary tumorigenesis.
The dierences in Erk-1 and Erk-2 activation between lymphomas and mammary tumors and between normal lymphoid and normal mammary tissues (Figures 5 and 6 ) support the idea of a tissue speci®c regulation of the Erk signaling pathways. In lymphomas, the RasTg genotype is associated with dramatic increases in both Erk-1 and Erk-2 activities (as compared with normal lymphoid tissue) and the additional NF1 inactivation (in the RasTg NF1+/7 group) associates with a further increase in both Erk-1 and Erk-2 activities (Figure 5b ). In contrast, in mammary tumors, the RasTg genotype is associated with an increase mostly in Erk-1 activity (as compared with normal mammary gland) and the RasTg NF1+/7 genotype with an increase in both Erk-1 and Erk-2, activities (Figure 6b) . Thus, whereas in lymphomas any of the two lesions increases both Erk-1 and Erk-2 activities, in mammary tumors Ras overexpression may associate mostly with Erk-1 activation, whereas NF1 activation may associate mostly with Erk-2 activation. Additionally, the basal level of activation of the Erk-1 and Erk-2 pathways in normal splenic lymphoid cells of all genotypes is almost undetectable, whereas, in normal mammary gland the Erk-1 and Erk-2 show a signi®cant level of activation (Figure 5a and b) .
The observed dierences among genotypes in mammary tumors follow the same pattern as that observed in lymphomas: higher tumor incidence, shorter tumor latency and higher activation of the Erk pathway in animals with double (RasTg NF1+/ 7) than in animals with single lesions. Thus, the possibility exists that there are dierences in these parameters among genotypes but have not reached statistical signi®cance because the incidence of mammary tumors is lower than that of lymphoid tumors.
Mechanism of NF1 tumor suppression
Our results suggest that NF1 inactivation cooperates with N-ras overexpression in lymphomagenesis by a mechanism independent of the NF1 GTPase activating activity which, in addition, increases the activity of targets downstream of Ras, such as Erk-1 and Erk-2. One possible scenario is that neuro®bromin is a downstream target of Ras able to elicit growth inhibitory signals. Nevertheless, no downstream eectors of NF1 have been identi®ed to date. Another possibility is that NF1 can regulate the activation of the Erk proteins by a Ras-independent mechanism, as previously described for insulin in 3T3-L1 adipocytes (Carel et al., 1996) , and for sphingosine 1-phosphate in 3T3 ®broblasts (Blakesley et al., 1997) . Alternatively, NF1 may exert its tumor suppressor eect in lymphoid cells (and perhaps in mammary cells) by competing with downstream eectors of Ras (such as Raf) through its Ras interacting domain, and thus, inhibit the transduction of proliferative signals downstream of the Erk pathways. According to this model, the reduced expression of NF1 observed in animals with the NF1+/7 genotype would decrease its inhibitory eect, increasing the intensity of proliferative signaling from Ras to downstream targets.
Supporting the model that neuro®bromin can have a tumor suppressor function by inhibiting ras dependent growth by a mechanism independent of its GTPase activating function are the following observations: (1) The levels of Ras-GTP remain unchanged when NF1 is either overexpressed or inactivated in several tumorderived or transformed cell lines. For instance, neuroblastoma and melanoma cell lines with reduced or undetectable levels of neuro®bromin had levels of Ras-GTP similar to the GTP-Ras levels in cell lines with normal NF1 levels (Johnson et al., 1993; , whereas overexpression of NF1 in melanoma cells results in growth inhibition (Johnson et al., 1994) . In addition, overexpression of full-length neurofibromin results in severe growth inhibition without an eect on Ras-GTP levels in NIH3T3 cells (Johnson et al., 1994) . (2) Neuro®bromin (or NF1-GRD) is able to inhibit the transforming or proliferative eect of the ras oncogene, despite its inability to stimulate the GTPase activity of oncogenic Ras (Bollag & McCormick, 1991; Xu et al., 1990; Martin et al., 1990) . For instance, full length NF1 or NF1-GRD suppresses tumorigenicity of the HCT116 human colon carcinoma cell line in nude mice (Li and White, 1996) . Moreover, the transformation of NIH3T3 cells by oncogenic ras is inhibited by overexpressed full-length neuro®bromin (Johnson et al., 1994) . NF1-GRD and a fragment of 91 amino acids derived from NF1-GRD are also able to inhibit H-ras oncogene-induced anchorage-independent growth in NIH3T3 cells (Nur-E-Kamal et al., 1993) . In addition, expression of the GAP-related domain of NF1 in a cdc25 yeast strain inhibits growth supported by H-ras proto-oncogene as well as by H-Ras oncogene (Ballester et al., 1989) . In contrast, human GAP can inhibit wild type-ras but not mutant rasdependent growth in yeast (Ballester et al., 1989) . (3) Most of the mutations found in NF1 patients leave the GRD domain intact (Heim et al., 1995; Upadhyaya et al., 1994; Shen et al., 1996) , suggesting that alterations of functions other than the GTPase accelerating activity of NF1 may be associated with tumorigenesis. In addition, a GAP-related domain peptide of NF1 carrying a mutation that confers greatly diminished GAP activity, but a normal binding anity for Ras-GTP, suppresses tumor formation by the HCT116 human colon carcinoma cell line (Li and White, 1996) .
Supporting a role for NF1 in inhibiting the activation of the Erk pathway by competing with Raf for Ras is the ®nding that Ras eector binding amino acid fragments of NF1 compete with Raf for Ras and suppress H-ras oncogene-induced anchorage-independent growth in 3T3 cells (Fridman et al., 1994) . In addition, a Ras binding peptide from NF1 (containing a consensus Ras-binding sequence shared with Raf) inhibits mutant ras activation of Erk1 and Erk2 in Xenopus oocyte lysate assay, putatively by competing with Raf for Ras (Clark et al., 1996) .
In contrast to the observations in melanoma and neuroblastoma, NF1 appears to function as a tumor suppressor in neuro®brosarcoma or in malignant myeloid cell lines by downregulating Ras through its GTPase accelerating activity. Neuro®brosarcoma cell lines that do not express or that underexpress NF1, show decrease Ras-GTPase accelerating activity and higher levels of Ras-GTP than tumor cells with normal NF1 levels (Basu et al., 1992; DeClue et al., 1992) . Primary cultures of myeloid leukemia show also a reduction in the NF1-like GAP activity and elevated levels of Ras-GTP after serum starvation, or GM-CSF or serum stimulation (Bollag et al., 1996; Largaespada et al., 1996) . Thus, the mechanism of NF1 tumor suppression appears to be cell type-speci®c.
The cell speci®city of the mechanism of NF1 tumor suppression on the Ras pathway is also consistent with the ®nding that, depending on the tissue, Ras activation and NF1 inactivation may be either synergistic or mutually exclusive. In our model, Ras and NF1 lesions are synergistic in lymphomagenesis, whereas in myeloid tumors they appear to be mutually exclusive. NF1 wild type allele is frequently deleted and the Ras genes never mutated in children with neuro®bromatosis. In contrast, Ras mutations exist in patients with myeloid tumors that do not have neuro®bromatosis Neubauer et al., 1991; Miyauchi et al., 1994) . A mutual exclusion eect may indicate that both mutations are able, on their own, of fully activating the Ras proliferative pathway and, therefore, an additional mutation would not provide increased proliferative capacity. In contrast, the cooperative eect seen in our model may indicate that one mutation does not fully activate the pathway since additional mutations are able to further increase proliferation.
In summary, we have demonstrated a cooperation in in vivo lymphomagenesis between N-ras overexpression and NF1 inactivation. These results are consistent with a stimulatory role for N-Ras and inhibitory role for NF1 in lymphoid proliferation and suggest that this cooperating eect occurs by a mechanism independent of the Ras-GTPase accelerating activity of NF1 and may be due in part to an increased activation of the Erk pathway. They also emphasize the importance of searching for additional functions for the NF1 protein and of intensifying the screening for NF1 mutations in human lymphomas. An increased incidence of non-Hodgkin lymphoma has already been reported in NF1 patients (Stiller et al., 1994) ; however, the actual involvement of NF1 mutations in lymphomahgenesis, as in many other tumor types, remains still unknown because the large size of this gene has slowed down the process of screening for mutations other than large deletions or rearrangements.
Materials and methods
Genotyping
The mouse genotype was assessed by PCR with DNA extracted following a previously described method (Malumbres et al., 1997) . The presence of the MMTV/ N-ras N transgene was detected using a pair of speci®c primers; the 5' primer was located in the MMTV-LTR (5'-ATCACAAGAGCGGAACGGA-3') and the complementary 3' primer in the 2nd exon (5'-CAAAGTGAGGA-TAAGGGCCA-3') of N-ras gene which yield a 250 bp ampli®cation product. For the detection of the NF1 wild type allele we used two primers, (5'-TTCAATACCTGCC-CAAGG-3') and (5'-GGTATTGAATTGAAGCAC-3'), which yield a 230 bp band. To detect the mutant NF1 allele we used a primer located within the NF1 gene (5'-GGTATTGAATTGAAGCAC-3') and another located within the neo cassete (5'-ATTCGCCAATGACAAGAC-3') used to inactivate the gene, as described in Jacks et al. (1994) .
Tumor incidence, latency and histology
Animals were monitored for the appearance of externally visible tumors in the neck,¯anks, axillary or inguinal areas, abdominal distention or enlarged spleen at palpation. When the visible tumors reached approximately 1 cm in diameter, the animals were euthanized and necropsies performed on them. Necropsies were also performed, after euthanasia, on animals with no apparent tumors, when they reached 20 months of age, and on the animals which died before this observation period. Samples of spleen, and mammary gland were recovered from all animals, as well as from tumor tissue when present, for histological and protein analyses. Tumor tissues were also taken for DNA analysis and Ras-GTP loading assays. The samples for histological analysis were ®xed in formalin, embedded in paran and sectioned at 4 mm before staining with hematoxylin and eosin. The histological analysis of the spleen, and mammary gland with no apparent macroscopic pathology was directed to detect possible signs of lymphoma or carcinoma and served also to diagnose the macroscopically visible tumors. In addition, samples of normal spleen and mammary gland tissues from 10-month old animals of all four genotypes were taken for protein analysis. Latency of lymphoid and mammary tumor appearance was calculated for each genotype from the raw data on dates of birth and tumor appearance. Chi square analyses (SPSS version 6.0 for Windows) were applied to study if there were dierences in tumor incidence between genotypes. Student t-tests were used to compare means of tumor latency between genotypes. Dierences between groups were considered signi®cant at P50.05.
Analysis of tumor DNA
Southern blot (Ausubel et al., 1994 ) was used to detect the possible loss of heterozygosity at the NF1 locus in lymphoid and mammary tumor tissue. Twenty mg of genomic DNA were digested with HindII and NcoI, transferred onto nitrocellulose membranes and hybridized with a NcoI ± PstI fragment containing part of exon 31 of NF1 (DP-NP 1.4 probe) as previously described (Jacks et al., 1994) . Labeling of the probe was performed with the random primed DNA labeling kit (Boehringer Mannheim, Indianapolis, IN) and 32 P-deoxycytidine 5'-triphosphate ( 32 P-dCTP) (Dupont, NEN, Boston, MA) of 6000 Ci/ mmol. The ®lters were washed three times at 588C in 0.1X SSC in 0.1% sodium dodecyl sulphate for 30 min, and autoradiographed. This analysis distinguishes between a 2.4 Kb fragment of the wild type NF1 allele and a 3.2 Kb fragment of the mutant inactivated NF1 allele. NIH3T3 in 10% CS in DMEM at 378C under 5% CO 2 . The cells were then washed in their respective phosphate-free media (for lymphocyte, which were cultured in suspension, spins at 300 g for 2 min were performed) and metabolically labeled by incubating with 3 ml of 10% dialyzed FBS or FCS in phosphate-free media DMEM and 0.25 mCi/ml of 32 PO 4 37 (NEN) for 2 h. After washing with ice-cold PBS, cells were lysed with 600 ml of freshly prepared lysis buer (28 mM Tris pH 7.1, 100 mM NaCl, 5 mM MgCl 2 , 1% NP-40, 0.5% Na Deoxycholate, 1 mM DTT, Aprotinin 16 mg/ml, Leupeptin 10 mg/ml, Pepstatin A 1 mg/ml, PMSF (100 mg/ml) by incubating on ice for 15 min. After spinning in a microfuge for 15 min at 48C the supernatant was precleared twice by incubating with 100 ml of BSA blocked 10% charcoal for 30 min at 48C and spinning down for 5 min at 48C, and once with 100 ml of rat IgG-blocked 15% protein G plus agarose incubating for 1 h at 48C and spinning down for 10 min at 48C. Precleared supernatants were then incubated with 20 ml of protein G agarose and 5 mg of pan-ras monoclonal antibody (rat antimouse IgG 1 Mab Y13-259) for 1 h at 48C and spun down at 48C and 14 000 g for 20 min. Controls were processed incubating aliquots of the same samples with 20 ml of protein G agarose and 5 mg of an irrelevant Mab (rat anti-mouse IgG 1 ). Immunoprecipitates were washed three times with 200 ml of lysis buer and once with PBS at 48C, spinning at 48C for 10 min. The pellet was then incubated with 30 ml of elution buer (20 mM Tris pH 7.5, 20 mM EDTA pH 8.0, 2% SDS) at 758C for 10 min and vortexed. The eluates were extracted once with phenol (20 ml) and chloroform/isoamyl alcohol 24 : 1 (20 ml) and spun for 5 min at 14 000 g at RT. Twenty ml of each sample was spotted on a 20620 cm TLC polyethylene-imine cellulose plate (Baker-¯ex). Controls of 1 ml of 100 mM non-radioactive GTP and GDP standards were also run as markers. The plates were then resolved running the samples for 6 h with 100 ml of 0.75 M potassium phosphate pH 3.4 buer. The radioactivity corresponding to GDP and GTP in the dried plates was quanti®ed in a phosphorimager. Student ttests were used to compare the mean percentages of GTP-Ras in tumor tissue between the dierent genotypes.
Ras bound GTP in tumor tissues
Analysis of immunoprecipitates with anti-pan-Ras antibody
The eciency of the immunoprecipitation with the antipan-Ras (Y13-259) antibody for the N-Ras (Oncogene Science), H-Ras (Oncogene Science) and K-Ras (gift from Dr RodrõÂ guez-Viciana) puri®ed proteins was determined.
To that purpose we used 200 ng of each of the puri®ed proteins and compared the intensity of the Ras band after immunoprecipitation/Western (IP/W) with the intensity of the Ras band after direct Western (W). The amount of N-, H-, and K-Ras proteins in 25 mg aliquots of total protein extracts of tumor samples after IP/W and W was also evaluated. In all immunoprecipitations, the Y13-259 antibody was used, with the same conditions as described above for the GTP-loading assays. For the Western blots we run puri®ed proteins and total protein extracts in the same electrophoresis, blotted them onto the same membrane and reacted with either anti-NRas [1 : 2000 dilution of F155-277.2 (Oncogene Science)], anti-HRas (1 : 10 000 dilution of LA069 (Quality Biotech)), or antiKRas (1 : 2000 dilution of F234-4.2 (Oncogene Science)) mouse Mabs. In all cases, we used sheep anti-mouse IgG-POD (1 : 10 000 dilution (Boehringer-Mannheim)) as secondary antibody and ECL chemiluminescent detection (Amersham).
Protein analysis in normal and tumor tissues
Western blot was used to assess the level of N-Ras, Erk-1 and Erk-2 expression and the level of activation of Erk-1 and Erk-2 in normal and in tumor tissues. To evaluate the N-Ras protein levels, tissue samples were homogenized with a tissumizer in ice cold freshly prepared lysis buer (1% NP40, 20 mM HEPES pH 7.5, 5 mM MgCl 2 , 10 mg/ml aprotinin, 2 mg/ml leupeptin, 1 mg/ml pepstatin A, 0.5 mM PMSF, 1 mM DTT) and spun at 100 000 g for 45 min at 48C. To assess the levels of total and active Erk-1 and Erk-2 proteins, tissue samples from normal or tumor tissues were homogenized in ice-cold fresh lysis buer (1 M Tris/ Acetate (pH 7.5) 20 mM, Sucrose 0.27 M, EDTA 1 mM, EGTA 1 mM, Sodium orthovanadate 1 mM, Sodium betaglycerophosphate 10 mM, Sodium¯uoride 50 mM, Sodium pyrophosphate 5 mM, Triton X-100 1% (w/v), 2-Mercaptoethanol 0.1%, Benzamidine 1 mM, PMSF 0.2 mM, Leupeptin 5 mg/ml) and spun at 14 000 g for 5 min at 48C. The amount of protein in the supernatants was quanti®ed by the Bradford method using bovine serum albumin as a standard. Aliquots containing 50 mg of protein per sample were run in 15% SDS ± PAGE and transferred onto nitrocellulose membranes which were blocked with TBS-T buer (0.1% Tween-20, 132 mM NaCl, 20 mM Tris pH 7.5) for 1 h and washed with TBS-T. To measure N-Ras, membranes were incubated with 3 mg/ml of mouse anti-N-ras Mab (Oncogene Science) in TBS-T with 0.1% BSA for 1 h at RT. To measure Erk-1 and Erk-2 activity and expression, the membranes were successively incubated with rabbit polyclonal anti-active MAP Kinase (Promega) diluted 1 : 2000, and after stripping with rabbit polyclonal anti-Erk-1 (Santa Cruz Biotech.) diluted 1 : 2000, and with rabbit polyclonal anti-Erk-2 (Santa Cruz Biotech.) diluted 1 : 2000, all in TBS-T with 0.1% BSA for 1 h at RT. After washing, the membranes were incubated with sheep-anti-mouse peroxidase-labeled antibody (Boehringer-Mannheim) (diluted 1 : 5000) for NRas or sheep-anti-rabbit IgG-POD (Boehringer-Mannheim) 1 : 10 000 for Erk-1, Erk-2 and active MAP kinases) for 1 h at RT and detected following the chemiluminescent ECL method (Amersham). The intensity of the protein bands was quanti®ed using a Umax PowerLook Scanner and the NIH Image 1.60 software. Student ttests were used to compare means of N-Ras expression and Erk-1 or Erk-2 expression and activity in normal and tumor tissues between the dierent genotypes. Dierences between groups were considered signi®cant at P50.05.
